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are expected to be large in B decays (unlike in K decays), so B mesons are excellent

probes of CP violation [17]. In this thesis, we are concerned only with the first-

generation B mesons, where the non-bottom quark is a member of the first generation

of quarks. (B0 = bd, B0 = bd, B+ = bu, B− = bu.)

CP violation can manifest itself in three different ways, the so-called CP violation

in decay, in mixing, and in the interference between mixing and decay. CP violation

is a result of complex phases in interaction couplings and, as in other areas of physics,

these phases can be accessed only through interference effects. Thus, all three types

of CP violation involve interference between several amplitudes that lead to the same

final state with different phases.
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Figure 2.2: Second order weak process (box diagram) describing B0–B0 mixing in the
Standard Model.

in Fig 2.2, implying that the flavor eigenstates are not eigenstates of the Hamiltonian

(mass eigenstates). As done by Gell-Mann and Pais in the K system (see Chap. 1), we

can write the mass eigenstates as

|BL〉 = p|B0〉 + q|B0〉,

|BH〉 = p|B0〉 − q|B0〉, (2.12)

where q and p are complex and normalized |q|2 + |p|2 = 1. The L and H denote the

light and heavy mass states; it will be described later that for neutral B mesons, the

mass states have nearly equal lifetimes, but different masses.

We can characterize the mass eigenstates by considering the time evolution of an

arbitrary linear combination of flavor eigenstates a|B0〉 + b|B0〉. In the flavor basis, we

write the time-dependent Schrodinger equation:
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 . (2.13)

The 2× 2 Hermitian matrices that make up the Hamiltonian, M and Γ, are responsible

for mixing and decay, respectively. In terms of the masses mH,L and widths ΓH,L of the

physical states, the eigenvalues of the Hamiltonian are
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ΓL. (2.14)

We can also write the eigenvalues and q/p in terms of the elements of the matrices that

b

d b

d

F@-/&*%$!]Y0<!+*-%&-)!"'!8$%!#*!0&%&-0<!2"[!!"%!
0-+#')J#*)-*!E-%V!,*#+-00!LC#[!)"%.*%2M4

|BL〉 = p|B0〉 + q|B0〉
|BH〉 = p|B0〉 − q|B0〉

FA&!!!!!!!!!!<!,%"*0!#8!!!!!2-0#'0!%*-!+*-%&-)!
"'!-'&%'.$-)!0&%&-0!"'!!!!!!!!!!)-+%704Υ (4S)

BABAR B

∆mB ≡ mH −mL

∆ΓB ≡ ΓH − ΓL

Γ ! ΓH ! ΓL

M ≡ (mH + mL)/2

FA!!!!!2-0#'!%&!!!!!!!!!!+%'!C-!E*"&&-'!%&!!!PB0 t = 0 t

|B0
phys(t)〉 = e−iMte−Γt/2

[
cos

(
1
2∆mBt

)
|B0〉 + i q

p sin
(

1
2∆mBt

)
|B0〉

]

F@#&-!!!!!!!!!!!!!!!!!!!<!!!!!!!!!!!!!!!!!!!!<!!!!!!!!!!!!!!!!!!!!!!!!!4∆ΓB ! ∆mB ∆ΓK ! 2∆mK ∆mB = 100 · ∆mK

F@#!!!!!!!"#$%&"#'!"'!2"["'.<!!!!!!"0!,/*-!,(%0-4q/pCP

8



and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.

6

f±(t) = e−t/τ

4τ [1± SfCP sin(∆mBt)∓ CfCP cos(∆mBt)]

FQ(-!#C0-*!%C$-!&"2-J)-,-')-'&!)-+%7!*%&-!
%0722-&*7P

ACP (t) = Γ(B0
phys(t)→fCP )−Γ(B

0
phys(t)→fCP )

Γ(B0
phys(t)→fCP )+Γ(B

0
phys(t)→fCP )

F3#*!!!!!!+#'0-*!%&"#'<!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!4!!!!!!!!!ACP = SfCP = CfCP = 0CP

G"["'.J"')/+-)!!!!!!!!"#$%&"#'CP

B0

fCP

B0

AfCP

AfCP

q
p

FO-+%7!*%&-0!!!!L'#E!+%$$-)!!!!!M!%*-f±Γ

FG-%'!!!!!!$"8-&"2-!"0!!!<!&(-!!!!!J!"#$%&"#'!,%*%2-&-*0!!!!!!!!%')!!!!!!!!!%*-CP CfCPSfCPB0 τ

FO-+%7!&#!!!!!!-".-'0&%&-!!!!!!!!L!!!!!!!!!!!!!M!!%++-00"C$-!8*#2!!!!!%')!!!!!!"'!#$!-0!
"'&-*8-*-'+-!C-&E--'!%2,$"&/)-0!8#*!2"["'.!L!!!!!M!%')!)-+%7!L!!!!!!!<!!!!!!!M4

B0 B0

AfCP AfCP

CP fCP

q/p
ψK0

S , η′K0

SfCP ≡
2ImλfCP
1+|λfCP

|2 , CfCP ≡
1−|λfCP

|2

1+|λfCP
|2 , λfCP ≡ ηfCP

q
p

AfCP
AfCP

9



and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.

6

I[,-*"2-'&%$!A0")-444

F?#!8%*<!!!!!!!!!!!!!!!!!!!!!!!!!%*-!E*"&&-'!"'!&-*20!#8!&(-!8$%!#*!%&!+*-%&"#'!%')!
&(-!&"2-!#8!)-+%7!#8!%!!!!2-0#'!L!!!!!!M4!B

ACP (t) and f±(t)
BCP

F_-!+%'!)-&-*2"'-P
F8$%!#*!%&!)-+%7!L&%.M!#8!&(-!#&(-*!!!!2-0#'!L!!!!!!M<
F)"88-*-'+-!C-&E--'!,*#,-*!&"2-0!#8!)-+%70!#8 BCP and Btag.

BtagB

F_-!/0-!!!!!!!!!!!!"'!&(-!GB!8"&!&#!-[&*%+&!!!!!!!!!!!!!!!!!!!!!!8*#2!&(-!)%&%4f±(∆t) SfCP and CfCP

F_-!+%'Y&!2-%0/*-!&(-0-<!]6Q!444

FN-+%$$!+#(-*-'&!!!!2-0#'!,%"*0!L!!!!!!!!!!!!!!!!!!!M4BCP and BtagB

F_-!+%'!E*"&-P

E(-*-!!!!!!!!!!!!!!!!!!!!!!!%')!&(-!/,,-*!L$#E-*M!0".'!)-'#&-0!%!)-+%7!
%++#2,%'"-)!C7!%!!!!!!L!!!!M!&%.4

∆t ≡ tCP − ttag
B0 B0

f±(∆t) = e−|∆t|/τ

4τ [1± SfCP sin(∆mB∆t)∓ CfCP cos(∆mB∆t)]

10



and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.

6

FA')!

λfCP ≡ ηfCP

q
p

AfCP
AfCP

FK'!?G<!E-!-[,-+&!L%$2#0&!-[%+&$7MP

b

d d

and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.

6

c
c
s

λψK0
S

= −
(

VtdV ∗
tb

V ∗
cbVcd

) (
VcbV ∗

cd
V ∗

tdVtb

)

SψK0
S

= ImλψK0
S

= sin 2β CψK0
S

=
1−|λψK0

S
|2

1+|λψK0
S

|2 = 0

FI[%2"'-!!!!!!!!"'!YY.#$)-'!2#)-YY!!!!!!!!!!!!!!!!P

q/p ! V ∗
tbVtb/VtbV ∗

td

AψK0
S
∝ VcbV ∗

cs

ηfCP -".-'!%$/-!#8!!!!!!4!fCPCP

B0 → J/ψK0
S?"'.$-!%2,$"&/)-!8#*!!!!!!!!!!!!!!!!!!!4!!!!!!!!!!!!!!!!

VcsV ∗
cd/V ∗

csVcd 3*#2!!!!!2"["'.!"'!&(-!8"'%$!0&%&-4K

3*#2!!!!2"["'.<!"')-,-')-'&!#8!!!!!!4fCPB

8*#2sin 2β b→ cc̄s

B0 → ψK0
S

λfCP

  

F@#!!!!!!!"#$%&"#'!"'!)-+%7!C-+%/0-!!!!!!!!!!!!!!!!W!!#'$7!bS!%2,$"&/)-!+#'&*"C/&-04!!!!!!!!!!!!!!!!!!!!
∣∣∣∣
AψK0

S
AψK0

S

∣∣∣∣ = 1CP

11



and the following value for charge asymmetry:
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In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
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S → π+π−) and η′

η(3π)ππK
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2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.
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CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.
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and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.
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Figure H.3: PDFs for (top to bottom) ∆E, mES, η mass, F , K∗ mass and H, for
(left to right) B → ηK∗(892) MC, on-peak sidebands, BB background MC, and B →
ηK∗
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Figure C.1: PDFs for η′ργK0
S (from top to bottom) ∆E, mES, F , η′ mass, ρ mass,

ρ helicity, and ∆t. Signal MC (left), on-peak sidebands (left-center), charmless BB
(right-center), and b → c (right).
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and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.
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6

• Ntrks ≥ Ntracks in decay mode + 1
• |∆E| ≤ 0.2 GeV
• 5.25 ≤ mES < 5.2893 GeV
• Eγ > 30 MeV for π0

• Eγ > 50 MeV for ηγγ

• Eγ > 100 MeV in η′
ργ ,

• | cos θρ| < 0.9 where θρ is the angle between the direction of a ρ0-daughter
π+ and the direction of the η′ in the ρ0 rest frame.
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L K0

L

66

5.3.3.2 Cosine of Missing Momentum Polar Angle

We also characterize K0
L candidates by the cosine of the angle between the missing

momentum vector and the z-axis, cos θPmiss . We find an optimum cut on this variable

of cos θPmiss < 0.95. In Fig. 5.1, we compare cos θPmiss distributions from off-resonance

data and signal MC.
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5.3.3.2 Cosine of Missing Momentum Polar Angle

We also characterize K0
L candidates by the cosine of the angle between the missing

momentum vector and the z-axis, cos θPmiss . We find an optimum cut on this variable

of cos θPmiss < 0.95. In Fig. 5.1, we compare cos θPmiss distributions from off-resonance

data and signal MC.
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5.3.3.3 EMC Shower Shape

For η′K0
L candidates detected in the EMC, we discriminate between signal and

background using quantities related to the shape of the electromagnetic shower in the

EMC. We use seven shower shape variables as input to a multi-layer perceptron (MLP)

artificial neural network (NN), and we cut on the continuous output of the NN. We

list the NN input quantities in Appendix B. The NN, which is implemented with the

TMVA software package [64], uses the standard sequential back-propagation learning

method and comprises an input layer of seven nodes, two hidden layers with eight and

seven nodes, and a single output node. We train the NN on qq̄ background MC in 200

training cycles. In Fig 5.2 we show the NN output for signal and background MC; we

require that the NN output be greater than 0.3.
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Figure 5.2: Neural net output variable for signal and background from current repro-
duction of NN from previous analysis.
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and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.
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• Eγ > 100 MeV in η′
ργ ,

• | cos θρ| < 0.9 where θρ is the angle between the direction of a ρ0-daughter
π+ and the direction of the η′ in the ρ0 rest frame.
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Figure C.1: PDFs for η′ργK0
S (from top to bottom) ∆E, mES, F , η′ mass, ρ mass,

ρ helicity, and ∆t. Signal MC (left), on-peak sidebands (left-center), charmless BB
(right-center), and b → c (right).
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and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.

6

• Ntrks ≥ Ntracks in decay mode + 1
• |∆E| ≤ 0.2 GeV
• 5.25 ≤ mES < 5.2893 GeV
• Eγ > 30 MeV for π0

• Eγ > 50 MeV for ηγγ

• Eγ > 100 MeV in η′
ργ ,

• | cos θρ| < 0.9 where θρ is the angle between the direction of a ρ0-daughter
π+ and the direction of the η′ in the ρ0 rest frame.
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and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.
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and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
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CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.
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FIG. 2: Expected ∆t distribution for B0- and B0-tagged CP
events a) with perfect tagging and ∆t resolution, and b) with
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where â represents the set of parameters that describe

the resolution function. In practice, events are separated
into the same tagging categories as in mixing, each of
which has a different mistag fraction wi, determined in-
dividually for each category. Figure 2 illustrates the im-
pact of typical mistag and ∆t resolution effects on the
∆t distributions for B0- and B0-tagged CP events.

It is possible to construct a CP -violating observable

ACP (∆t) =
F+(∆t) − F−(∆t)
F+(∆t) + F−(∆t)

, (12)

which, neglecting resolution effects, is proportional to
sin2β:

ACP (∆t) ∝ −ηCPD sin 2β sin∆md∆t. (13)

Since no time-integrated CP asymmetry effect is ex-
pected, an analysis of the time-dependent asymmetry
is necessary. The interference between the two ampli-
tudes, and hence the CP asymmetry, is maximal af-
ter approximately 2.1 B0 proper lifetimes, when the
mixing asymmetry goes through zero. However, the
maximum sensitivity to sin2β, which is proportional to
e−Γ|∆t| sin2 ∆md∆t, occurs in the region of 1.4 lifetimes.

The value of the free parameter sin2β can be extracted
with the tagged BCP sample by maximizing the likeli-
hood function

lnLCP =
tagging∑

i




∑

B0 tag

lnF+(∆t; Γ, ∆md, â, wi, sin 2β) +
∑

B0 tag

lnF−(∆t; Γ, ∆md, â, wi, sin 2β)



 , (14)

where the outer summation is over tagging categories i
and the inner summations are over the B0 and B0 tags
within a given uniquely-assigned tagging category. In
practice, the fit for sin2β is performed on the combined
flavor-eigenstate and CP samples with a likelihood con-
structed from the sum of Eq. 6 and 14, in order to de-
termine sin2β, the mistag fraction wi for each tagging
category, and the vertex resolution parameters âi. Addi-
tional terms are included in the likelihood to account for
backgrounds and their time dependence.

The mistag rates can also be extracted with a time-
integrated analysis as a cross check. Neglecting possi-
ble background contributions and assuming the flavor of
Bflav is correctly identified, the observed time-integrated
fraction of mixed events χobs can be expressed as a func-
tion of the B0-B0 mixing probability χd:

χobs = χd + (1 − 2χd)w, (15)

where χd = 1
2x2

d/(1 + x2
d) = 0.174 ± 0.009 [11] and

xd = ∆md/Γ. Taking advantage of the available decay
time information, the statistical precision on w can be

improved by selecting only events that fall into an opti-
mized time interval |∆t| < t0, where t0 is chosen so that
the integrated number of mixed and unmixed events are
equal outside this range. With the use of such an op-
timized ∆t interval the time-integrated method achieves
nearly the same statistical precision for the mistag rates
as a full time-dependent likelihood fit.

C. Overview of the analysis

This article provides a detailed description of our pub-
lished measurement of flavor oscillations [15] and CP -
violating asymmetry [16] in the neutral B meson system.
These measurements have six main components:

• Selection of the BCP sample of signal events for
neutral B decays to CP modes J/ψK0

S , ψ(2S)K0
S ,

χc1K0
S , J/ψK∗0 (K∗0 → K0

Sπ0), and J/ψK0
L; se-

lection of the Bflav sample of signal events for
neutral flavor-eigenstate decays to D(∗)−π+/ρ+/a+

1
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and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.
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and the following value for charge asymmetry:
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CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.
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and the following value for charge asymmetry:
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with some possible decay amplitudes for B0 → η′K0.
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and the following value for charge asymmetry:
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2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.
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S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.
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and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.
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and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.
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and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.
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background contributions.

all cases, we find results consistent with expectation.

To validate the IP-constrained vertexing technique in
π0K0

S , we examine B0 → J/ψK0
S decays in data where

J/ψ → µ+µ− or J/ψ → e+e−. In these events we de-
termine ∆t in two ways: by fully reconstructing the B0

decay vertex using the trajectories of charged daughters
of the J/ψ and the K0

S mesons (standard method), or by
neglecting the J/ψ contribution to the decay vertex and
using the IP constraint and the K0

S trajectory only. This
study shows that within statistical uncertainties, the IP-
constrained ∆t measurement is unbiased with respect to
the standard technique and that the fit values of SJ/ψK0

S

and CJ/ψK0
S

are consistent between the two methods.
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Figure 2: Distributions of kinematic variables (left) mES and (right) ∆E for the K+K−K0
S(π0π0)

sample. The plots show signal, with the continuum background shown in the insets. The points
are data events weighted with the sPlot technique [18], while the curves are the PDF shapes used
in the ML fit (Sec. 4).

The Fisher discriminant PDF, P(F), is only used in the Low-mass fit (see Sec. 5). Because the 130

Fisher discriminant is highly correlated with the position on the DP, we do not use the Fisher 131

discriminant PDF for the fit to the whole DP or for the High-mass fit. The Fisher distributions are 132

shown in Fig. 3. The PDFs for the individual fit components are described in more detail below. 133

4.1 Background in the Time-Dependent Dalitz Plot 134

We have two background components in our fit: continuum and BB background. For the contin- 135

uum background component, we use the ARGUS function [19] for P(mES), and linear polynomial 136

functions for P(∆E). The ∆t distribution is described by a double-Gaussian resolution function 137

convolved with a PDF of the following form: 138

P(∆t) = fpromptδ(∆t) + (1 − fprompt)e−|∆t|/τbg , (3)

which allows for background decays with both zero and non-zero lifetimes. The Dalitz plot for 139

the continuum background is parameterized using a two-dimensional histogram PDF in the vari- 140

ables mK+K− and cos θH . The histogram is filled with candidates from the region 5.2 < mES < 141

5.26 GeV/c2. 142

We estimate the amount of BB background from Monte Carlo events. The BB background is 143

almost purely combinatorial and is a few percent of the total background. In the K+K−K0
S(π+π−) 144

mode, the mES and ∆E PDFs for the BB backgrounds are parameterized with the same functional 145

forms as the continuum backgrounds. Due to non-negligible correlation between mES and ∆E for 146

BB background in the K+K−K0
S(π0π0) mode, we construct a two-dimensional smoothed histogram 147

PDF in those variables. The ∆t distribution is described with a PDF similar to the continuum 148

backgrounds, but we also allow for the possibility that the non-zero lifetime component has a time- 149

dependent CP asymmetry proportional to sin ∆md∆t or cos ∆md∆t, where ∆md is the mixing 150

frequency of the B0 meson. These asymmetries are set to zero in the nominal fit, but are varied as 151

a systematic uncertainty. The Dalitz plot is described using a two-dimensional histogram PDF in 152

a manner similar to the continuum backgrounds. 153
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eterizations. These studies also provide uncertainties in
the agreement between data and MC that are used for
evaluation of systematic errors. For the π0K0

S analysis,
we apply no correction to the signal PDF shapes, but
we evaluate the related systematic error as described in
Sec. VIII.

C. Fit variables

For the ωK0
S analysis we perform a fit with 25 free

parameters: S, C, signal yield, continuum background
yield and fractions (6), background ∆t, mES, ∆E, F ,
mω, H PDF parameters (15). For the five η′K0

S channels
we perform a single fit with 98 free parameters: S, C,
signal yields (5), η′

ργK0
S charm BB background yields

(2), continuum background yields (5) and fractions (30),
background ∆t, mES, ∆E, F PDF parameters (56). Sim-
ilarly the two η′K0

L channels are fit jointly, with 34 pa-
rameters: S, C, signal yields (2), background yields (2),
fractions (12), and PDF parameters (16). For the π0K0

S

analysis we perform a fit with 36 free parameters: S,
C, signal yield, the mean of mmiss and mB, background
yield, background ∆t, mB, mmiss, L2/L0, cosθB PDF pa-
rameters (16), background tagging efficiencies (12) and
the fraction of good events (2). For the signal, charm
BB, and charmless BB components the parameters τ
and ∆md are fixed to world-average values [26]; for the
BB components S and C are fixed to zero, and then
varied to obtain the related systematic uncertainty as
described below; for the qq model τ is fixed to zero.

D. Fit Validation

We test the fitting procedure by applying it to ensem-
bles of simulated experiments with qq and BB charmed
events drawn from the PDF into which we have em-
bedded the expected number of signal and BB charm-
less background events randomly extracted from the
fully simulated MC samples. We find small biases
(measured−expected) for SωK0

S
, Sη′K0

S
, Cη′K0

S
, Sη′K0

L
,

and Cη′K0
L

of 0.034, 0.006, −0.008, −0.022, and −0.013,
respectively. We apply additive corrections to the final
results for these biases. For CωK0

S
, Sπ0K0

S
, and Cπ0K0

S
we

make no correction but assign a systematic uncertainty
as described in Section VIII.

VII. FIT RESULTS

Results from the fits for the signal yields and the CP
parameters Sf and Cf are presented in Table III. In
Figs. 3–9, we show projections onto the kinematic vari-
ables and ∆t for subsets of the data for which the ratio
between the likelihood of signal events and the sum of
likelihoods of signal and background events (computed
without the variable plotted) exceeds a mode-dependent
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FIG. 3: Distributions projected (see text) onto mES (a) and
∆E (b) for ωK0

S. The solid lines show the full fit result and
the dashed lines show full the background contributions.

threshold that optimizes the sensitivity. In ωK0
S this re-

quirement retains ∼ 60% of signal events; in η′K0
S and

η′K0
L, the fraction of signal is in the (42 − 85)% and

(22 − 55)% range respectively, depending on the decay
mode. In Fig. 3 we show, from the ωK0

S analysis, the
projections onto mES and ∆E; in Fig. 4 we show the
projections onto mES and ∆E for η′K0

S ; in Fig. 5 we
show the ∆E projections for η′K0

L. The corresponding
information for π0K0

S is conveyed by the background-
subtracted distributions for mB and mmiss in Fig. 2.

In Figs. 6–9, we give the ∆t projections and their asym-
metry for each final state. In the ωK0

S , η′K0
S , η′K0

L, and
π0K0

S analyses, we measure the correlation between Sf

and Cf in the fit to be 2.9%, 3.0%, 1.0% and −6.2%,
respectively.

A. Crosschecks

We perform several additional crosschecks of our anal-
ysis technique including time-dependent fits for B+ de-
cays to the charged final states η′

η(γγ)ππK+, η′
ργK+, and

η′
η(3π)ππK+; fits allowing for non-zero CP asymmetry in

BB background; fits with C = 0 or S = 0; fits with S and
C different for each tagging category; and fits in which
signal resolution model parameters are free to vary. In

TABLE III: Results of the fits. Subscripts for η′ decay modes
denote η′

η(γγ)ππ (1), η′
ργ (2), and η′

η(3π)ππ (3).

Mode # events Signal yield −ηfSf Cf

ωK0
S 17422 163 ± 18 0.55 ± 0.28 −0.52 ± 0.21

η′
1K

0
π+π− 1470 472 ± 24 0.70 ± 0.17 −0.17 ± 0.11

η′
2K

0
π+π− 22775 1005 ± 40 0.46 ± 0.12 −0.13 ± 0.09

η′
3K

0
π+π− 513 171 ± 14 0.76 ± 0.26 0.05 ± 0.20

η′
1K

0
π0π0 1056 105 ± 13 0.51 ± 0.34 −0.19 ± 0.30

η′
2K

0
π0π0 27057 206 ± 28 0.26 ± 0.33 0.04 ± 0.26

η′K0
S 52871 1959 ± 58 0.53 ± 0.08 −0.11 ± 0.06

η′
1K

0
L 18036 386 ± 32 0.75 ± 0.22 0.02 ± 0.16

η′
3K

0
L 6213 169 ± 21 0.87 ± 0.30 0.19 ± 0.25

η′K0
L 24249 556 ± 38 0.82+0.17

−0.19 0.09+0.13
−0.14

π0K0
S 21412 556 ± 32 0.55 ± 0.20 0.13 ± 0.13
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eterizations. These studies also provide uncertainties in
the agreement between data and MC that are used for
evaluation of systematic errors. For the π0K0

S analysis,
we apply no correction to the signal PDF shapes, but
we evaluate the related systematic error as described in
Sec. VIII.

C. Fit variables

For the ωK0
S analysis we perform a fit with 25 free

parameters: S, C, signal yield, continuum background
yield and fractions (6), background ∆t, mES, ∆E, F ,
mω, H PDF parameters (15). For the five η′K0

S channels
we perform a single fit with 98 free parameters: S, C,
signal yields (5), η′

ργK0
S charm BB background yields

(2), continuum background yields (5) and fractions (30),
background ∆t, mES, ∆E, F PDF parameters (56). Sim-
ilarly the two η′K0

L channels are fit jointly, with 34 pa-
rameters: S, C, signal yields (2), background yields (2),
fractions (12), and PDF parameters (16). For the π0K0

S

analysis we perform a fit with 36 free parameters: S,
C, signal yield, the mean of mmiss and mB, background
yield, background ∆t, mB, mmiss, L2/L0, cosθB PDF pa-
rameters (16), background tagging efficiencies (12) and
the fraction of good events (2). For the signal, charm
BB, and charmless BB components the parameters τ
and ∆md are fixed to world-average values [26]; for the
BB components S and C are fixed to zero, and then
varied to obtain the related systematic uncertainty as
described below; for the qq model τ is fixed to zero.

D. Fit Validation

We test the fitting procedure by applying it to ensem-
bles of simulated experiments with qq and BB charmed
events drawn from the PDF into which we have em-
bedded the expected number of signal and BB charm-
less background events randomly extracted from the
fully simulated MC samples. We find small biases
(measured−expected) for SωK0

S
, Sη′K0

S
, Cη′K0

S
, Sη′K0

L
,

and Cη′K0
L

of 0.034, 0.006, −0.008, −0.022, and −0.013,
respectively. We apply additive corrections to the final
results for these biases. For CωK0

S
, Sπ0K0

S
, and Cπ0K0

S
we

make no correction but assign a systematic uncertainty
as described in Section VIII.

VII. FIT RESULTS

Results from the fits for the signal yields and the CP
parameters Sf and Cf are presented in Table III. In
Figs. 3–9, we show projections onto the kinematic vari-
ables and ∆t for subsets of the data for which the ratio
between the likelihood of signal events and the sum of
likelihoods of signal and background events (computed
without the variable plotted) exceeds a mode-dependent

E (GeV)!
-0.2 -0.1 0.0 0.1 0.2

E
v

e
n

ts
 /

 2
0

 M
e
V

 

0

20

40

E (GeV)!
-0.2 -0.1 0.0 0.1 0.2

E
v

e
n

ts
 /

 2
0

 M
e
V

 

0

20

40

 (GeV)ESm
5.25 5.26 5.27 5.28 5.29

E
v

e
n

ts
 /

 2
.5

 M
e
V

 

0

20

40

60

 (GeV)ESm
5.25 5.26 5.27 5.28 5.29

E
v

e
n

ts
 /

 2
.5

 M
e
V

 

0

20

40

60 (a) (b)

FIG. 3: Distributions projected (see text) onto mES (a) and
∆E (b) for ωK0

S. The solid lines show the full fit result and
the dashed lines show full the background contributions.

threshold that optimizes the sensitivity. In ωK0
S this re-

quirement retains ∼ 60% of signal events; in η′K0
S and

η′K0
L, the fraction of signal is in the (42 − 85)% and

(22 − 55)% range respectively, depending on the decay
mode. In Fig. 3 we show, from the ωK0

S analysis, the
projections onto mES and ∆E; in Fig. 4 we show the
projections onto mES and ∆E for η′K0

S ; in Fig. 5 we
show the ∆E projections for η′K0

L. The corresponding
information for π0K0

S is conveyed by the background-
subtracted distributions for mB and mmiss in Fig. 2.

In Figs. 6–9, we give the ∆t projections and their asym-
metry for each final state. In the ωK0

S , η′K0
S , η′K0

L, and
π0K0

S analyses, we measure the correlation between Sf

and Cf in the fit to be 2.9%, 3.0%, 1.0% and −6.2%,
respectively.

A. Crosschecks

We perform several additional crosschecks of our anal-
ysis technique including time-dependent fits for B+ de-
cays to the charged final states η′

η(γγ)ππK+, η′
ργK+, and

η′
η(3π)ππK+; fits allowing for non-zero CP asymmetry in

BB background; fits with C = 0 or S = 0; fits with S and
C different for each tagging category; and fits in which
signal resolution model parameters are free to vary. In

TABLE III: Results of the fits. Subscripts for η′ decay modes
denote η′

η(γγ)ππ (1), η′
ργ (2), and η′

η(3π)ππ (3).

Mode # events Signal yield −ηfSf Cf

ωK0
S 17422 163 ± 18 0.55 ± 0.28 −0.52 ± 0.21

η′
1K

0
π+π− 1470 472 ± 24 0.70 ± 0.17 −0.17 ± 0.11

η′
2K

0
π+π− 22775 1005 ± 40 0.46 ± 0.12 −0.13 ± 0.09

η′
3K

0
π+π− 513 171 ± 14 0.76 ± 0.26 0.05 ± 0.20

η′
1K

0
π0π0 1056 105 ± 13 0.51 ± 0.34 −0.19 ± 0.30

η′
2K

0
π0π0 27057 206 ± 28 0.26 ± 0.33 0.04 ± 0.26

η′K0
S 52871 1959 ± 58 0.53 ± 0.08 −0.11 ± 0.06

η′
1K

0
L 18036 386 ± 32 0.75 ± 0.22 0.02 ± 0.16

η′
3K

0
L 6213 169 ± 21 0.87 ± 0.30 0.19 ± 0.25

η′K0
L 24249 556 ± 38 0.82+0.17

−0.19 0.09+0.13
−0.14

π0K0
S 21412 556 ± 32 0.55 ± 0.20 0.13 ± 0.13
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Figure 2: Distributions of kinematic variables (left) mES and (right) ∆E for the K+K−K0
S(π0π0)

sample. The plots show signal, with the continuum background shown in the insets. The points
are data events weighted with the sPlot technique [18], while the curves are the PDF shapes used
in the ML fit (Sec. 4).

The Fisher discriminant PDF, P(F), is only used in the Low-mass fit (see Sec. 5). Because the 130

Fisher discriminant is highly correlated with the position on the DP, we do not use the Fisher 131

discriminant PDF for the fit to the whole DP or for the High-mass fit. The Fisher distributions are 132

shown in Fig. 3. The PDFs for the individual fit components are described in more detail below. 133

4.1 Background in the Time-Dependent Dalitz Plot 134

We have two background components in our fit: continuum and BB background. For the contin- 135

uum background component, we use the ARGUS function [19] for P(mES), and linear polynomial 136

functions for P(∆E). The ∆t distribution is described by a double-Gaussian resolution function 137

convolved with a PDF of the following form: 138

P(∆t) = fpromptδ(∆t) + (1 − fprompt)e−|∆t|/τbg , (3)

which allows for background decays with both zero and non-zero lifetimes. The Dalitz plot for 139

the continuum background is parameterized using a two-dimensional histogram PDF in the vari- 140

ables mK+K− and cos θH . The histogram is filled with candidates from the region 5.2 < mES < 141

5.26 GeV/c2. 142

We estimate the amount of BB background from Monte Carlo events. The BB background is 143

almost purely combinatorial and is a few percent of the total background. In the K+K−K0
S(π+π−) 144

mode, the mES and ∆E PDFs for the BB backgrounds are parameterized with the same functional 145

forms as the continuum backgrounds. Due to non-negligible correlation between mES and ∆E for 146

BB background in the K+K−K0
S(π0π0) mode, we construct a two-dimensional smoothed histogram 147

PDF in those variables. The ∆t distribution is described with a PDF similar to the continuum 148

backgrounds, but we also allow for the possibility that the non-zero lifetime component has a time- 149

dependent CP asymmetry proportional to sin ∆md∆t or cos ∆md∆t, where ∆md is the mixing 150

frequency of the B0 meson. These asymmetries are set to zero in the nominal fit, but are varied as 151

a systematic uncertainty. The Dalitz plot is described using a two-dimensional histogram PDF in 152

a manner similar to the continuum backgrounds. 153
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ω → π+π−π0 and K0

S → π+π−
163± 18 signal events with

S = 0.55+0.26
−0.29 ± 0.02

C = −0.52+0.22
−0.20 ± 0.03
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and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.

6

Fit ACP (−Cf ) βeff (βSM " 0.37)
Whole DP 0.03± 0.07± 0.02 0.44± 0.07± 0.02
High-Mass 0.05± 0.09± 0.04 0.52± 0.08± 0.03

φK0
S 0.14± 0.19± 0.02 0.13± 0.13± 0.02

f0K0
S 0.01± 0.26± 0.07 0.15± 0.13± 0.03
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Figure 4: For the whole DP region fit, the distribution of the Dalitz plot variable mK+K− for
signal-weighted data events (points) compared with the fit PDF in the K+K−K0

S(π+π−) mode.
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Figure 5: The ∆t (top) distributions and asymmetries (bottom) in the whole DP (left) and Low-
mass region (right), for the K+K−K0

S(π+π−) mode. For the ∆t distributions, B0- (B0-) tagged
signal-weighted events are shown as filled (open) circles, with the PDF projection in dashed red
(solid blue).
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Figure 1: Distributions of kinematic variables (left) mES and (right) ∆E for the K+K−K0
S(π+π−)

sample. The plots show signal, with the continuum background shown in the insets. The points
are data events weighted with the sPlot technique, while the curves are the PDF shapes used in
the ML fit (Sec. 4).

method, are shown in Fig. 2. Note that the mean of the signal ∆E distribution is shifted from zero
due to energy leakage in the EMC.

4 ANALYSIS OF THE DALITZ PLOT

Four-momentum conservation in a three-body decay gives the relation M2
B0+m2

1+m2
2+m2

3 = m2
12+

m2
13 + m2

23, where m2
ij = (pi + pj)2 is the square of the invariant mass of a daughter pair. This

constraint leaves a choice of two independent Dalitz plot variables to describe the decay dynamics
of a spin-zero particle. In this analysis we choose the K+K− invariant mass mK+K− and the cosine
of the helicity angle between the K+ and the K0

S in the K+K− center-of-mass frame, cos θH .
We perform an extended maximum likelihood fit to the measured time dependent Dalitz plot

distribution. We first fit on the whole DP, then fit on the mK+K− > 1.1GeV/c2 range (High-mass),
then fit on the mK+K− < 1.1GeV/c2 range (Low-mass). All fits are performed on the combined
K+K−K0

S(π+π−) and K+K−K0
S(π0π0) samples simultaneously. The likelihood function L for each

subsample is defined as

L = exp

(

−
∑

i

ni

)

∏

j

[

∑

i

niPi,j

]

(1)

where i labels the different signal and background components, j runs over all events in the sample,
and ni is the event yield for events of the i-th component. The probability density function (PDF)
Pi of each component is defined as

Pi ≡ Pi(mES) · Pi(∆E) · Pi(F) · PDP,i(mK+K− , cos θH ,∆t, qtag) ⊗Ri(∆t,σ∆t), (2)

where qtag is the flavor of the tagged B (1 for B0 and -1 for B0), and ∆t = trec−ttag is the difference
of the proper decay times of the two B-mesons in the Υ (4S) decay. σ∆t is the error on ∆t, and
R is the ∆t resolution function determined from a high statistics independent sample [5]. For the
purpose of calculating the DP coordinates mK+K− and cos θH , we refit the B candidates applying a
B mass constraint. This ensures that the B candidates are reconstructed within the DP boundary.
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and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.
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FIG. 9: Data and model projections for π0K0

S onto ∆t for B0

tags (a) and B0 (b). Points with error bars represent the sig-
nal where backgroud is subtracted using and event weighting
techinque [30], the solid line displays the signal fit function. In
(c) we show the raw asymmetry, (NB0 −NB0)/(NB0 + NB0),
the solid line represents the fit function.

ences in signal CP parameters between this fit and the
nominal fit as the systematic. For ωK0

S and η′K0 we also
vary the amount of the BB background by ±20%. For
π0K0

S we do not include a BB background component in
the fit but we embed BB background events in the data
sample and extract the peaking background from the ob-
served change in the yield. We use this yield to estimate
the change in S and C due to the CP asymmetry of the
peaking background. We also measure the systematic er-
ror associated with the vertex reconstruction by varying
within uncertainties the parameters of the alignment of
the SVT and the position and size of the beam spot.

We quantify the effects of self-crossfeed events in the
η′K0 analysis. For η′K0

S we perform sets of simulated
experiments in which we embed only correctly recon-
structed signal events and compare the results to the
nominal simulated experiments (Sec. VI D), in which we
embed both correctly and incorrectly reconstructed sig-
nal events. We take the difference as the systematic un-
certainty related to self-crossfeed. For the η′

η(3π)ππK0
L

analysis, in which we include a self-crossfeed component
in the fit, we perform a fit in which we take parameter
values for the self-crossfeed resolution model from self-
crossfeed MC events instead of the nominal Bflav sample.
We take the difference of the results from this fit and the
nominal fit as the self-crossfeed systematic for η′K0

L. The
effects of self-crossfeed are negligible for ωK0

S and π0K0
S .

Finally, for the π0K0
S analysis we examine large sam-

ples of simulated B0 → K0
Sπ0 and B0 → J/ψK0

S decays
to quantify the differences between resolution function
parameter values obtained from the Bflav sample and
those of the signal channel; we use these differences to
evaluate uncertainties due to the use of the resolution
function extracted from the Bflav sample. We also use
the differences between resolution function parameters
extracted from data and MC in the B0 → J/ψK0

S de-
cays to quantify possible problems in the reconstruction
of the K0

S vertex. We add these errors in quadrature and
we call it systematic error due to the vertexing method.

The contributions of the above sources of systematic
uncertainties to Sf and Cf are summarized in Table IV.
In Table V we quote also the signed deviations of Sf and
Cf for η′K0 for variations of τ and ∆md.

IX. S AND C PARAMETERS FOR B0 → η′K0

As noted in Sect. I, the final states η′K0
S and η′K0

L

have opposite CP eigenvalues, and in the SM, if ∆Sf = 0,
then −ηfSf = sin2β. We therefore compute the values of
Sη′K0 and Cη′K0 from our separate measurements with
B0 → η′K0

S and B0 → η′K0
L, taking −Sη′K0

L
in combina-

tion with Sη′K0
S
, and Cη′K0

L
with Cη′K0

S
.

To represent the results of the individual fits, we
project the likelihood by minimizing −2 lnL (Sect. VI)
at a succession of fixed values of Sf to obtain L(−ηfSf ).
We then convolve this likelihood with a Gaussian repre-
senting the independent systematic errors for each mode.
The product of these convolved one-dimensional likeli-
hood functions for the two modes, shifted by their re-
spective corrections (Sect. VI D), gives the joint likeli-
hood for Sη′K0 . The likelihood for Cη′K0 is computed
similarly. Since the measured correlation between Sf and
Cf is small in our fits (Sect. VII), we extract the central
values and uncertainties of these quantities from these
one-dimensional likelihood functions.

X. SUMMARY AND DISCUSSION

In conclusion, we have used samples of 121± 13 B0 →
ωK0

S , 1457 ± 43 B0 → η′K0
S , 416 ± 29 B0 → η′K0

L, and
411±24 B0 → π0K0

S flavor-tagged events to measure the
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Figure 2: Distributions of kinematic variables (left) mES and (right) ∆E for the K+K−K0
S(π0π0)

sample. The plots show signal, with the continuum background shown in the insets. The points
are data events weighted with the sPlot technique [18], while the curves are the PDF shapes used
in the ML fit (Sec. 4).

The Fisher discriminant PDF, P(F), is only used in the Low-mass fit (see Sec. 5). Because the 130

Fisher discriminant is highly correlated with the position on the DP, we do not use the Fisher 131

discriminant PDF for the fit to the whole DP or for the High-mass fit. The Fisher distributions are 132

shown in Fig. 3. The PDFs for the individual fit components are described in more detail below. 133

4.1 Background in the Time-Dependent Dalitz Plot 134

We have two background components in our fit: continuum and BB background. For the contin- 135

uum background component, we use the ARGUS function [19] for P(mES), and linear polynomial 136

functions for P(∆E). The ∆t distribution is described by a double-Gaussian resolution function 137

convolved with a PDF of the following form: 138

P(∆t) = fpromptδ(∆t) + (1 − fprompt)e−|∆t|/τbg , (3)

which allows for background decays with both zero and non-zero lifetimes. The Dalitz plot for 139

the continuum background is parameterized using a two-dimensional histogram PDF in the vari- 140

ables mK+K− and cos θH . The histogram is filled with candidates from the region 5.2 < mES < 141

5.26 GeV/c2. 142

We estimate the amount of BB background from Monte Carlo events. The BB background is 143

almost purely combinatorial and is a few percent of the total background. In the K+K−K0
S(π+π−) 144

mode, the mES and ∆E PDFs for the BB backgrounds are parameterized with the same functional 145

forms as the continuum backgrounds. Due to non-negligible correlation between mES and ∆E for 146

BB background in the K+K−K0
S(π0π0) mode, we construct a two-dimensional smoothed histogram 147

PDF in those variables. The ∆t distribution is described with a PDF similar to the continuum 148

backgrounds, but we also allow for the possibility that the non-zero lifetime component has a time- 149

dependent CP asymmetry proportional to sin ∆md∆t or cos ∆md∆t, where ∆md is the mixing 150

frequency of the B0 meson. These asymmetries are set to zero in the nominal fit, but are varied as 151

a systematic uncertainty. The Dalitz plot is described using a two-dimensional histogram PDF in 152

a manner similar to the continuum backgrounds. 153
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FIG. 2: Distribution of (a) mmiss, (b) mB , (c) L2/L0, (d)
cos θB , for background subtracted events in data (points) from
the B0 → K0

Sπ0 sample. The solid curve represents the shape
of signal PDF, as obtained from the ML fit. The insets show
the distribution of the data, and the PDF, for signal sub-
tracted events.

where µ is the peak position of the distribution, σL,R are
the left and right widths, and αL,R are the left and right
tail parameters. For Qqq(∆E) in the η′K0

L analysis, we
use the function

f(x) = x(1 − x)−2 exp [ξ′x] (15)

where x ≡ ∆E−(∆E)min, with (∆E)min fixed to −0.01,
and ξ′ a free parameter.

To reduce qq background beyond that obtained with
the cos θT selection requirement described above for ωK0

S

and η′K0 (and the θB and L2/L0 requirements for
π0K0

S), we use additional event topology information in
the ML fit. The variables used include θB , L0, L2, and
the angle with respect to the beam axis in the Υ (4S)
frame of the signal B thrust axis (θS). For the π0K0

S

analysis, we use cos θB and the ratio L2/L0 directly in
the fit, parameterized by a second-order polynomial and a
seven-bin histogram, respectively. The bin-widths of the
L2/L0 histogram have been adjusted to be coarser where
the background is small to reduce the number of free
parameters; the PDF parameters are dependent on the
tagging category c in the signal component. In Fig. 2 we
show the PDFs for signal (background) superimposed to
the distribution for data where background(signal) events
are subtracted using an event weighting technique [30].

For the other analyses we construct a Fisher discrim-
inant F , which is an optimized linear combination of
L0, L2, | cos θB|, and | cos θS |. For the K0

L modes we

also use the continuous output of the flavor tagging al-
gorithm as a variable entering the Fisher discriminant.
The coefficients used to combine these variables are cho-
sen to maximize the separation (difference of means di-
vided by quadrature sum of errors) between the signal
and continuum background distributions of F , and are
determined from studies of signal MC and off-peak data.
We have studied the optimization of F for a variety of
signal modes, and find that a single set of coefficients is
nearly optimal for all. Because the information contained
in F is correlated with | cos θT|, the separation between
signal and background is dependent on the | cos θT| re-
quirement made prior to the formation of F . The PDF
shape for F is a Gaussian of different widths below and
above the peak for signal, plus a broad Gaussian for qq
background to account for a small tail in the signal F
region. The background peak parameter is adjusted to
be the same for all tagging categories c. Because F de-
scribes the overall shape of the event, the distribution for
BB background is similar to the signal distribution and
is described the same way for the PDFs.

For Qsig(mω) we use the sum of two Gaussians; for
Qqq(mω) and Qchls(mω) the sum of a Gaussian and a
quadratic. For Qsig(H) and Qqq(H) we use a quadratic
dependence, and for Qchls(H) a fourth-order polynomial.
For As described in Sec. IV, the resolution function is
a sum of three Gaussians for all fit components j. For
the signal and BB background components we determine
the parameters of Qk,j(xi

k) from simulation, and the qq
background parameters are free in the final fit. For the
signal resolution function we fix all parameters to values
obtained from the Bflav sample; we obtain parameter val-
ues from MC for the charm and charmless BB resolution
models; we leave parameters of the qq resolution model
free in the final fit.

For the ωK0
S and η′K0 analyses, we use large control

samples to determine any needed adjustments to the sig-
nal PDF shapes that have initially been determined from
Monte Carlo. For mES and ∆Ein ωK0

S and η′K0
S , we use

the decay B− → π−D0 with D0 → K−π+π0 which has
similar topology to the modes under study here. We se-
lect this sample by making light requirements on mES

and ∆E, and a more stringent requirement on the D0

candidate mass (1845 < mD < 1885 MeV). We also
place kinematic requirements on the D and B daughters
to force the charmed decay to look as much like that of
a charmless decay as possible. These selection criteria
are applied both to the data and to MC. For F , we use
a sample of B+ → η′

ργK+ decays selected with require-
ments very similar to those of our signal modes. From
these control samples, we determine small adjustments
to the mean value of the signal ∆E distribution. The
means and widths of the other distributions do not need
adjustment.

For the ω mass line shape, we use ω production in the
data sidebands. The means and resolutions of the invari-
ant mass distributions are compared between data and
MC, and small adjustments are made to the PDF param-
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Figure 2: Distributions of kinematic variables (left) mES and (right) ∆E for the K+K−K0
S(π0π0)

sample. The plots show signal, with the continuum background shown in the insets. The points
are data events weighted with the sPlot technique [18], while the curves are the PDF shapes used
in the ML fit (Sec. 4).

The Fisher discriminant PDF, P(F), is only used in the Low-mass fit (see Sec. 5). Because the 130

Fisher discriminant is highly correlated with the position on the DP, we do not use the Fisher 131

discriminant PDF for the fit to the whole DP or for the High-mass fit. The Fisher distributions are 132

shown in Fig. 3. The PDFs for the individual fit components are described in more detail below. 133

4.1 Background in the Time-Dependent Dalitz Plot 134

We have two background components in our fit: continuum and BB background. For the contin- 135

uum background component, we use the ARGUS function [19] for P(mES), and linear polynomial 136

functions for P(∆E). The ∆t distribution is described by a double-Gaussian resolution function 137

convolved with a PDF of the following form: 138

P(∆t) = fpromptδ(∆t) + (1 − fprompt)e−|∆t|/τbg , (3)

which allows for background decays with both zero and non-zero lifetimes. The Dalitz plot for 139

the continuum background is parameterized using a two-dimensional histogram PDF in the vari- 140

ables mK+K− and cos θH . The histogram is filled with candidates from the region 5.2 < mES < 141

5.26 GeV/c2. 142

We estimate the amount of BB background from Monte Carlo events. The BB background is 143

almost purely combinatorial and is a few percent of the total background. In the K+K−K0
S(π+π−) 144

mode, the mES and ∆E PDFs for the BB backgrounds are parameterized with the same functional 145

forms as the continuum backgrounds. Due to non-negligible correlation between mES and ∆E for 146

BB background in the K+K−K0
S(π0π0) mode, we construct a two-dimensional smoothed histogram 147

PDF in those variables. The ∆t distribution is described with a PDF similar to the continuum 148

backgrounds, but we also allow for the possibility that the non-zero lifetime component has a time- 149

dependent CP asymmetry proportional to sin ∆md∆t or cos ∆md∆t, where ∆md is the mixing 150

frequency of the B0 meson. These asymmetries are set to zero in the nominal fit, but are varied as 151

a systematic uncertainty. The Dalitz plot is described using a two-dimensional histogram PDF in 152

a manner similar to the continuum backgrounds. 153
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and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.
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wait for the Super B-factories, which are planning for datasets over 100 times larger

than the BABAR dataset of ∼ 0.5 ab−1. The measurements of C in qq̄s modes (Fig. 7.2)

are consistent with the Standard Model (SM) expectation of zero.
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Figure 7.1: Comparison of results for sin 2βeff from b → qq̄s penguin decays from the
Heavy Flavor Averaging Group [79].

sin 2βeff

Chapter 7

Discussion

We report measurements of the time-dependent CP parameters S and C in the

decay B0 → η′K0 obtained in five η′K0
S and two η′K0

L sub-decay modes; results are

summarized in Tab. 7.1. We also report measurements of branching fractions and time-

integrated charge asymmetries for decays of charged and neutral B mesons to final states

ηK∗0(892), ηK∗+(892), ηK∗0
0 (S -wave), ηK∗+

0 (S -wave), ηK∗0
2 (1430), and ηK∗+

2 (1430);

results are summarized in Tab. 7.2. We use the full BABAR dataset (467 million BB

pairs) for the η′K0 results and the run 1–5 BABAR dataset (344 million BB pairs) for

the ηK∗ results.

Table 7.1: Summary of results for −ηfSf and Cf from decays B0 → η′K0.

−ηfSf Cf

η′K0 0.55 ± 0.08 ± 0.02 −0.09 ± 0.06 ± 0.02
η′K0

S 0.53 ± 0.08 ± 0.02 −0.11 ± 0.06 ± 0.02
η′K0

L 0.64 ± 0.20 ± 0.03 0.05 ± 0.15 ± 0.03

Significant changes to the previous BABAR analysis for η′K0 [47] include 20% more

data, improved track reconstruction, improved K0
L selection, and the addition of the

η′5πK0
L decay channel. Despite the modest increase in data, the uncertainties on Sη′K0

and Cη′K0 decrease by 20% and 25% due to the other improvements. Our measurement

of Sη′K0 is more than 5σ from zero, confirming CP violation in a charmless B decay;
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and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.
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and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.
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and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.
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Chapter 7

Discussion

We report measurements of the time-dependent CP parameters S and C in the

decay B0 → η′K0 obtained in five η′K0
S and two η′K0

L sub-decay modes; results are

summarized in Tab. 7.1. We also report measurements of branching fractions and time-

integrated charge asymmetries for decays of charged and neutral B mesons to final states

ηK∗0(892), ηK∗+(892), ηK∗0
0 (S -wave), ηK∗+

0 (S -wave), ηK∗0
2 (1430), and ηK∗+

2 (1430);

results are summarized in Tab. 7.2. We use the full BABAR dataset (467 million BB

pairs) for the η′K0 results and the run 1–5 BABAR dataset (344 million BB pairs) for

the ηK∗ results.

Table 7.1: Summary of results for −ηfSf and Cf from decays B0 → η′K0.

−ηfSf Cf

η′K0 0.55 ± 0.08 ± 0.02 −0.09 ± 0.06 ± 0.02
η′K0

S 0.53 ± 0.08 ± 0.02 −0.11 ± 0.06 ± 0.02
η′K0

L 0.64 ± 0.20 ± 0.03 0.05 ± 0.15 ± 0.03

Significant changes to the previous BABAR analysis for η′K0 [47] include 20% more

data, improved track reconstruction, improved K0
L selection, and the addition of the

η′5πK0
L decay channel. Despite the modest increase in data, the uncertainties on Sη′K0

and Cη′K0 decrease by 20% and 25% due to the other improvements. Our measurement

of Sη′K0 is more than 5σ from zero, confirming CP violation in a charmless B decay;
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and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK
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S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.
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Figure 2.2: Second order weak process (box diagram) describing B0–B0 mixing in the
Standard Model.

in Fig 2.2, implying that the flavor eigenstates are not eigenstates of the Hamiltonian

(mass eigenstates). As done by Gell-Mann and Pais in the K system (see Chap. 1), we

can write the mass eigenstates as

|BL〉 = p|B0〉 + q|B0〉,

|BH〉 = p|B0〉 − q|B0〉, (2.12)

where q and p are complex and normalized |q|2 + |p|2 = 1. The L and H denote the

light and heavy mass states; it will be described later that for neutral B mesons, the

mass states have nearly equal lifetimes, but different masses.

We can characterize the mass eigenstates by considering the time evolution of an

arbitrary linear combination of flavor eigenstates a|B0〉 + b|B0〉. In the flavor basis, we

write the time-dependent Schrodinger equation:
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The 2× 2 Hermitian matrices that make up the Hamiltonian, M and Γ, are responsible

for mixing and decay, respectively. In terms of the masses mH,L and widths ΓH,L of the

physical states, the eigenvalues of the Hamiltonian are
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2
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2
ΓL. (2.14)
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2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0
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mode the corresponding tree diagram is external, not color suppressed.
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Table A.1: Results from cut optimization study for η′ηππK0
L. The “Very Tight” cut

values maximize signal significance (S/
√

S + B). The “Loose” cut values minimize the
errors on S and C from toy MC studies and are used in this analysis. We report cut
values, events entering the Run1-6 fit, signal efficiency, expected Run1-6 signal yield,
mean of the S and C error distributions for embedded toys with Run1-6 statistics, and
blind fit values to run1-6 data as a final crosscheck.

Very Tight Tight Loose Very Loose

NN output Cut 0.50 0.40 0.30 0.20
P proj

miss Cut −0.46 −0.60 −0.70 −0.80
cos θPmiss Cut 0.93 0.94 0.95 0.96

Events to Fit 6253 8826 12085 14992
MC ε (%) 15.2 17.6 19.8 21.0
Expected nSig 249 310 353 375

S error 0.310 ± 0.004 0.273 ± 0.003 0.257 ± 0.003 0.262 ± 0.003
C error 0.222 ± 0.002 0.198 ± 0.002 0.191 ± 0.002 0.190 ± 0.001
blind S −0.76 ± 0.26 −0.68 ± 0.24 −0.68 ± 0.22 −0.59 ± 0.22
blind C 0.09 ± 0.22 0.05 ± 0.21 0.04 ± 0.19 0.05 ± 0.19

Table A.2: Results from cut optimization study for η′5πK0
L. The “Very Tight” cut values

maximize signal significance (S/
√

S + B) in the η′ηππK0
L mode. We report cut values,

events entering the Run1-6 fit, signal efficiency, expected Run1-6 signal yield, mean of
the S and C error distributions for embedded toys with Run1-6 statistics, and blind fit
values to run1-6 data as a final crosscheck.

Very Tight Tight Loose Very Loose

NN output Cut 0.50 0.40 0.30 0.20
P proj

miss Cut −0.46 −0.60 −0.70 −0.80
cos θPmiss Cut 0.93 0.94 0.95 0.96

Events to Fit 2497 3602 4901 6144
MC ε (%) 10.9 12.1 12.8 13.5
Expected nSig 130 145 155 165

S error 0.460 ± 0.010 0.410 ± 0.009 0.390 ± 0.006 0.391 ± 0.008
C error 0.318 ± 0.005 0.289 ± 0.004 0.283 ± 0.003 0.287 ± 0.003
blind S −1.21 ± 0.52 −0.89 ± 0.49 −0.68 ± 0.46 −0.77 ± 0.45
blind C 0.03 ± 0.31 0.08 ± 0.28 0.04 ± 0.26 0.16 ± 0.26
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and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.
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Figure 5.3: sPlots for mES (left) and ∆t (right) in the charmless BB component from
fits (with no charm BB component) to run 1–5 data for η′ργK+.

BB yields.

All of this indicates that non-peaking charmed BB events are being absorbed

into the charmless BB component because of their broad ∆t distribution, and that a

contribution from B decays to charm states needs to be accounted for separately, rather

than being absorbed into the qq component as we typically find. For this reason, we

investigate the use of a charm BB fit component for modes in which we observe the

enhancement of the charmless yield: η′ργK+, η′ργK0
S00, and η′ργK0

S .

5.7.3 Charm BB component in the fit

For these modes, we perform fits (with charmless and charm components) to

run1-5 data fixing and floating the charmless and charm yields. We obtain PDFs (Figs.

C.1, C.3, and C.6 in App.C) from the charm events in generic BB MC that pass the

selection for each mode. The final charm MC samples are ∼ 1600 η′ργK0
S events, ∼ 1200

η′ργK0
S00 events, and ∼ 6400 η′ργK+ events; scaling by the number of generated events

gives us the expected number of charm events in the data that enter the fit.

The results of these fits are in Tables 5.9, 5.10, and 5.11. The expected numbers

of charm and charmless events are listed in the captions. We show mES and ∆t sPlots

from the η′ργK+ fit (with charm) to run 1–5 data in Fig. 5.4 for comparison with sPlots
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• Eγ > 30 MeV for π0

• Eγ > 50 MeV for ηγγ

• Eγ > 100 MeV in η′
ργ ,

• | cos θρ| < 0.9 where θρ is the angle between the direction of a ρ0-daughter
π+ and the direction of the η′ in the ρ0 rest frame.
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from the fit without charm referred to above. In the sPlots from the fit with a charm

component, the data are in better agreement with the overlays of the PDFs indicating

that events are being correctly classified when the charm component is used.
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Figure 5.4: sPlots for mES (left) and ∆t (right) in the charmless (top) and charm
(bottom) BB components from fits (with a charm BB component) to run 1–5 data for
η′ργK+.

5.7.4 Fixing/floating charmless and charm yields

Because the charmless and charm yields float to reasonable values in fits to run1–

5 data and the run1–5 sPlots confirm that the events are being categorized correctly,

we use a charm component in the η′ργK0
S , η′ργK0

S00, and η′ργK+ fits to the full dataset.

Finding zero failed fits in 200 embedded toy experiments, we determine that the fit is

stable with both charmless and charm yields floating; however, we choose to use our

detailed knowledge of the make-up of the charmless BB component to fix the charmless

yield at the expected number while allowing the charm yield to float. By using as much

information as available, we will measure S and C as accurately as possible.
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Figure 5.4: sPlots for mES (left) and ∆t (right) in the charmless (top) and charm
(bottom) BB components from fits (with a charm BB component) to run 1–5 data for
η′ργK+.

5.7.4 Fixing/floating charmless and charm yields

Because the charmless and charm yields float to reasonable values in fits to run1–

5 data and the run1–5 sPlots confirm that the events are being categorized correctly,

we use a charm component in the η′ργK0
S , η′ργK0

S00, and η′ργK+ fits to the full dataset.

Finding zero failed fits in 200 embedded toy experiments, we determine that the fit is

stable with both charmless and charm yields floating; however, we choose to use our

detailed knowledge of the make-up of the charmless BB component to fix the charmless

yield at the expected number while allowing the charm yield to float. By using as much

information as available, we will measure S and C as accurately as possible.
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and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.
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and the following value for charge asymmetry:
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via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.
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FIG. 2: Expected ∆t distribution for B0- and B0-tagged CP
events a) with perfect tagging and ∆t resolution, and b) with
typical mistag rates and ∆t resolution.

where â represents the set of parameters that describe

the resolution function. In practice, events are separated
into the same tagging categories as in mixing, each of
which has a different mistag fraction wi, determined in-
dividually for each category. Figure 2 illustrates the im-
pact of typical mistag and ∆t resolution effects on the
∆t distributions for B0- and B0-tagged CP events.

It is possible to construct a CP -violating observable

ACP (∆t) =
F+(∆t) − F−(∆t)
F+(∆t) + F−(∆t)

, (12)

which, neglecting resolution effects, is proportional to
sin2β:

ACP (∆t) ∝ −ηCPD sin 2β sin∆md∆t. (13)

Since no time-integrated CP asymmetry effect is ex-
pected, an analysis of the time-dependent asymmetry
is necessary. The interference between the two ampli-
tudes, and hence the CP asymmetry, is maximal af-
ter approximately 2.1 B0 proper lifetimes, when the
mixing asymmetry goes through zero. However, the
maximum sensitivity to sin2β, which is proportional to
e−Γ|∆t| sin2 ∆md∆t, occurs in the region of 1.4 lifetimes.

The value of the free parameter sin2β can be extracted
with the tagged BCP sample by maximizing the likeli-
hood function

lnLCP =
tagging∑

i




∑

B0 tag

lnF+(∆t; Γ, ∆md, â, wi, sin 2β) +
∑

B0 tag

lnF−(∆t; Γ, ∆md, â, wi, sin 2β)



 , (14)

where the outer summation is over tagging categories i
and the inner summations are over the B0 and B0 tags
within a given uniquely-assigned tagging category. In
practice, the fit for sin2β is performed on the combined
flavor-eigenstate and CP samples with a likelihood con-
structed from the sum of Eq. 6 and 14, in order to de-
termine sin2β, the mistag fraction wi for each tagging
category, and the vertex resolution parameters âi. Addi-
tional terms are included in the likelihood to account for
backgrounds and their time dependence.

The mistag rates can also be extracted with a time-
integrated analysis as a cross check. Neglecting possi-
ble background contributions and assuming the flavor of
Bflav is correctly identified, the observed time-integrated
fraction of mixed events χobs can be expressed as a func-
tion of the B0-B0 mixing probability χd:

χobs = χd + (1 − 2χd)w, (15)

where χd = 1
2x2

d/(1 + x2
d) = 0.174 ± 0.009 [11] and

xd = ∆md/Γ. Taking advantage of the available decay
time information, the statistical precision on w can be

improved by selecting only events that fall into an opti-
mized time interval |∆t| < t0, where t0 is chosen so that
the integrated number of mixed and unmixed events are
equal outside this range. With the use of such an op-
timized ∆t interval the time-integrated method achieves
nearly the same statistical precision for the mistag rates
as a full time-dependent likelihood fit.

C. Overview of the analysis

This article provides a detailed description of our pub-
lished measurement of flavor oscillations [15] and CP -
violating asymmetry [16] in the neutral B meson system.
These measurements have six main components:

• Selection of the BCP sample of signal events for
neutral B decays to CP modes J/ψK0

S , ψ(2S)K0
S ,

χc1K0
S , J/ψK∗0 (K∗0 → K0

Sπ0), and J/ψK0
L; se-

lection of the Bflav sample of signal events for
neutral flavor-eigenstate decays to D(∗)−π+/ρ+/a+

1

K)-%$

I[,-*"2-'&%$

FH%*%2-&-*0!)"88-*!CcE!&%.."'.!+%&-.#*"-04!
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and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.

6

Table 1: Mean values of the error distributions for S and C and the RMS of the
S and C distributions for each sub-mode from 140-550 embedded toy MC ex-
periments. (The number of experiments is the maximum without oversampling
the signal MC.) We also report the averaged sub-mode results and the results
from 175 toy experiments for the simultaneous fit. All results are reported in
units of 10−3.

Final state Mean of RMS of RMS of Mean of RMS of RMS of
S Error S Error S dist. C Error C Error C dist.

η′ηππK0
S 156± 1 14± 1 167± 8 115± 1 5± 1 121± 6

η′ργK0
S 112± 1 8± 1 114± 7 88± 1 3± 1 97± 6

η′ηππK0
S00 381± 5 75± 5 481± 34 267± 2 31± 2 280± 20

η′ργK0
S00 325± 3 53± 3 357± 22 258± 2 36± 2 267± 16

η′5πK0
S 246± 3 38± 3 280± 20 180± 1 14± 1 192± 14

η′ηππK0
L 271± 2 32± 2 278± 18 199± 1 15± 1 201± 13

η′5πK0
L 358± 6 70± 6 416± 35 265± 3 32± 3 263± 22

Weighted
Average : 76± 0 7± 0 79± 5 57± 0 2± 0 61± 4

Simultaneous Fit: 75± 0 3± 0 75± 6 58± 0 2± 0 61± 6

`%$")%&"'.!8"&!/'+-*&%"'&"-0
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and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.
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and C in the combined fit is 3.1%, so we expect S to be unaffected by fixing C to zero.

5.12.3 Fits removing variables

We perform the blind simultaneous fit removing one discriminating variable at a

time. (We only perform this test for the η′K0
S modes; we do not remove variables from

the fits for η′K0
L modes because they already lack an mES dimension in the nominal

fit.) The fit results are shown in Table 5.29. We conclude that the fit is stable even

when missing one of the variables.

Table 5.29: Blind results from the combined fit to the full dataset removing one fit
variable at a time. We label each column with the fit variables used in the fit.

Fit vars mES, ∆E, F , ∆t ∆E, F , ∆t mES, F , ∆t mES,∆E, ∆t

S −0.481 ± 0.078 −0.471 ± 0.080 −0.512 ± 0.077 −0.535 ± 0.082
C 0.174 ± 0.058 0.159 ± 0.062 0.164 ± 0.059 0.165 ± 0.063
Signal Yields
η′ηππK0

S 468.8 ± 23.5 465.4 ± 26.2 461.8 ± 23.5 475.1 ± 24.9
η′ργK0

S 999.0 ± 39.6 997.0 ± 47.5 966.7 ± 46.9 1007.2 ± 45.4
η′ηππK0

S00 104.3 ± 13.0 107.4 ± 15.8 104.3 ± 12.7 111.3 ± 18.0
η′ργK0

S00 201.9 ± 27.4 288.7 ± 44.6 196.2 ± 29.7 201.9 ± 44.9
η′5πK0

S 170.5 ± 14.1 177.4 ± 15.8 175.9 ± 23.1 172.3 ± 14.9
η′ηππK0

L 331.5 ± 31.4 334.9 ± 31.5 334.6 ± 29.1 334.6 ± 31.5
η′5πK0

L 163.9 ± 21.8 160.9 ± 21.6 160.8 ± 19.8 160.7 ± 21.6

5.12.4 Splitting S and C by Tagging Category

We perform the blind simultaneous fit in which the signal CP parameters are not

constrained to be equal across tagging categories. The fit values for each category, the

weighted averages of the separate category results, and the nominal results are shown

in Table 5.30.
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Table 5.25: Comparison of nominal 3-variable blind fits and crosscheck fits which in-
cluded all variables. Combined S and C values are simple weighted averages.

Nominal Fit All-Variable Fit

η′ηππK0
S

S −0.622 ± 0.166 −0.629 ± 0.165
C 0.231 ± 0.110 0.217 ± 0.109

η′ργK0
S

S −0.370 ± 0.117 −0.373 ± 0.116
C 0.217 ± 0.090 0.199 ± 0.086

η′ηππK0
S00

S −0.402 ± 0.347 −0.390 ± 0.342
C 0.232 ± 0.301 0.266 ± 0.301

η′ργK0
S00

S −0.179 ± 0.331 −0.518 ± 0.336
C 0.029 ± 0.261 0.107 ± 0.263

η′5πK0
S

S −0.650 ± 0.261 −0.671 ± 0.260
C 0.036 ± 0.199 0.039 ± 0.198

η′ηππK0
L

S −0.684 ± 0.223 −0.692 ± 0.218
C 0.036 ± 0.194 0.033 ± 0.184

combined S −0.482 ± 0.079 −0.507 ± 0.078
combined C 0.179 ± 0.059 0.171 ± 0.058
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Table 5.30: Blind results of the simultaneous fit in which we allow S and C to float to
different values for each tagging category. We also report the weighted average of the
separate tagging category results, and the nominal result for comparison.

Tag Cat S C

Lepton −0.670 ± 0.134 0.122 ± 0.105
Kaon1 −0.315 ± 0.146 0.132 ± 0.107
Kaon2 −0.569 ± 0.150 0.297 ± 0.117
KaonPion −0.246 ± 0.255 0.080 ± 0.185
Pions −0.205 ± 0.365 0.263 ± 0.257
Other −1.414 ± 1.010 0.624 ± 0.710

Weighted Average −0.492 ± 0.076 0.174 ± 0.057
Nominal Result −0.481 ± 0.078 0.174 ± 0.058
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and the following value for charge asymmetry:

Ach = [−1.5 ± 7.0 (stat) ± 0.9 (syst)](%).

In order to increase the statistics for the TD CP fit, we have added results
for these decays with the K0

S → π0π0 channel as well as the decays η′
η(3π)ππK

0
S

(K0
S → π+π−) and η′

η(3π)ππK
+, all of which is documented in BAD 907[5].

2 Measurement of CP Asymmetry

CP violation appears in the neutral B system through mixing or decay, or in
the interference between mixing and decay. The formalism has been thoroughly
documented elsewhere [6]. Fig. 1 shows the B0 −B0 mixing diagram (a), together
with some possible decay amplitudes for B0 → η′K0.

Figure 1: Feynman diagrams describing (a) B0−B0 mixing; the decay B0 → η′K0

via (b) color-suppressed tree, (c, d) internal gluonic penguin. For the charged
mode the corresponding tree diagram is external, not color suppressed.

6

A!-*%."'.!
*-0/$&0

FK'!5GNP

FK'!BGNP

F9#'!#$!-!!!!!!!!!!!!!!!!!Ec!f%/00"%'!#8!E"&(!!!!!!!!4−2 lnLf (B) σsyst

F`%$/-!%&!2"'"2/2!#8!!!!!!!!!!!!!!!!!!!!!!"0!
%!-*%.-!C*%'+("'.!8*%+&"#'!L!!!M4B̂

∑
−2 lnLf (B)

FDC&%"'!!!!!!!!!!!!!!%0!8/'+&"#'!#8!!!!!!!!!
C*%'+("'.!8*%+&"#'!L!!!M!8#*!-%+(!0/CJ2#)-4!B

−2 lnLf ηK∗
1

FUhk!+#'8")-'+-!"'&-*!%$!#'!!!!!"0!!!!!0/+(!
&(%&!!!!!!!!!!!!!!!!!!!!!!!!!!4−2 lnL(B̂ ± σ) = 1

B̂ σ

F!!!!!!!%')!!!!!!!!%*-!(".($7!+#**-$%&-)!LX=kM4ηK∗
0 ηK∗

2

F9#2C"'"'.!E"&(!!!!!!!!!!!!!!!!!!!+/*!-0!'-.$-+&0!+#**-$%&"#'04−2 lnLf (B)
F_-!%!-*%.-!E"&(!0"2/$&%'-#/0!8"&0!L%0!"'!!!!!!!!!%'%$70"0M<!
#'-!8"&!8#*!:!'-/&*%$!2#)-0<!#'-!8#*!X!+(%*.-)!2#)-04

η′K0

B̂
O%0(-)!0/CJ2#)-!+/*!-0

57


